In this paper, we propose a wavelet-based fast motion estimation algorithm for video sequence encoding with a low bit-rate. By using one of the properties of wavelet transform, multi-resolution analysis (MRA), and the spatial interpolation of an image, we can simultaneously reduce the prediction error and the computational complexity inherent in video sequence encoding. In addition, by defining a significant block (SB) based on the differential information of wavelet coefficients between successive frames, the proposed algorithm enables us to make up for the increase in the number of motion vectors when the MRME algorithm is used. As a result, we are not only able to improve the peak signal-to-noise ratio (PSNR), but also reduce the computational complexity by up to 67%.
Introduction
The recent emergence of multimedia applications has motivated a considerable interest in the development of video compression algorithms aimed at the transmission (or storage) of video sequences over channels with limited capacity. This is an especially significant problem for multimedia applications, such as video phones, with low bit-rate video coding. What makes this particularly challenging is that in designing an efficient low bit-rate coding system, it is imperative to reduce the computational complexity. A possible way to efficiently reduce computational complexity is by the decorrelation of the signal along the temporal dimension. To this end, motion estimation (ME) and motion compensation (MC) algorithms have been used to remove the temporal redundancy between adjacent frames in video sequences.
A widely used method of motion estimation is the Block-Matching Algorithm (BMA) [1] , [2] . In the BMA, prediction error is calculated for every candidate pixel in the entire search range. The best matching block is found by minimizing such cost functions as the mean absolute difference (MAD) and the mean square difference (MSD). Unfortunately, it results in a heavy computational load due to the fact that the prediction error is calculated for all the pixels within the search range. In order to improve the performances of motion compensation techniques, many researchers have tried to extend the usage of Discrete-Wavelet Transform (DWT) [3] , [4] .
The multi-resolution motion estimation (MRME) algo- a) E-mail: bjw8751@image.gwu.ac.kr rithm is one of the representative wavelet-based motion estimation algorithms. Zhang and Zafar proposed a video compression scheme based on the wavelet representation where the size of the block in which the motion vector is computed is adapted to its level in the wavelet pyramid [4] . Due to the advantages of wavelet transform, namely, localization both in space and in frequency, and multi-resolution analysis (MRA), this method of motion estimation can reduce the computational complexity. In the MRME algorithm, the motion vectors are first calculated for low pass sub-bands at the highest level. Then, motion vectors at lower levels are refined using the motion information obtained at the highest levels. Accordingly, the MRME algorithm still has as large computational load, and the MRME algorithm also has a defect which increases the number of motion vectors. To make up for the drawback of the MRME algorithm, several methods have been proposed. Some perform very well for prediction but require a relatively high computational load. Some are fast but not very good. To overcome the shiftvariant property of the wavelet transform -an intrinsic result of the decimation process of the wavelet transform -which makes the wavelet domain motion estimation and compensation inefficient, Kim and Park proposed a Low-Band-Shift method [5] . While this method has a superior performance to conventional motion estimation methods, it also requires a lot of memory and a high computational load. Therefore, this method is not suited to low bit rate video coding. Sun and Bae proposed a fast motion estimation algorithm which uses the characteristics of wavelet coefficients in each subband [6] . Through this method, they were able to reduce the computational load by up to 50%. However, their results also had a drawback which is the increase in the number of motion vectors. In this paper, a new approach to wavelet-based motion estimation algorithm is proposed. This approach, which reduces computational complexity and simultaneously improves overall performance, is the Selective Wavelet-based Interpolation Motion Estimation (SWIME). The SWIME algorithm is based on one of the properties of wavelet transform, the MRA property, and the spatial interpolation of an image. This approach enables us to reduce the computational load by defining a significant block (SB) based on the differential information of wavelet coefficients between successive frames. Also we can reduce the prediction error of high-frequency components in each sub-band by using the selective interpolation for significant blocks. For the performance evaluation, experiments are performed using some test sequences, and results show that the proposed algorithm requires less computational effort and also outperforms in terms of video quality. The rest of this paper is organized as follows. Section 2 presents the SWIME algorithm in detail. Simulation results are shown in Sect. 3, and concluding remarks are set forth in Sect. 4.
MRME and SWIME
Without loss of generality, a video frame can be decomposed up to two levels resulting in a total of seven sub-bands with three sub-bands at the lowest level and four at the highest level. This section describes the original MRME algorithm [4] and the proposed Selective Wavelet-based Interpolation Motion Estimation (SWIME) algorithm.
Multi-Resolution Motion Estimation (MRME) Algorithm
As shown in Fig. 1 , there is a total number of seven wavelet sub-bands because we assume that a video frame is decomposed up to two levels in this work. At the highest level (level 2) of the pyramid, there are the wavelet sub-band HL2, LH2, HH2 and LL which are generated by applying the scaling function twice. If a size 4 × 4 block for the BMA is chosen at level 2, then as shown in Fig. 2 , for sub-bands at level 1 (HL1, LH1 and HH1), the block size must be 8 × 8. What follows is the scheme of the MRME [4] . Let V LL (x, y) denote the motion vector of a 4 × 4 block located at (x, y) in LL sub-band. The motion vectors in other sub-bands at level 2 are refined using V LL (x, y) as follows: Let δx and δy denote the amount of refinement. Then, V LH2 (x, y) = V LL (x, y) + ∆(δx, δy). The same procedure can be applied to the sub-bands, HL2, HH2. Similarly, the motion vectors in the sub-bands at lower level (level 1) are refined using the corresponding vectors at one level above with a scaling factor of two. For example, we have V LH1 (x, y) = 2V LH2 (x, y) + ∆(δx, δy) as shown in Fig. 2 .
Through this process, the MRME algorithm can reduce computational load better than the BMA algorithm. However the MRME algorithm still has a large computational load due to the fact that the motion vectors are refined for every sub-band. In addition, the MRME algorithm even increases the number of motion vectors transmitted to the decoder.
Selective Wavelet-Based Interpolation Motion Estimation (SWIME) Algorithm
This approach enables us to reduce the computational load by defining a significant block (SB) based on the differential information of wavelet coefficients between successive frames. Also, by using a selective interpolation for significant blocks, the prediction error of low level sub-bands can be reduced. As illustrated in Fig. 1 , an original video frame is decomposed into multiple layers of different resolutions and different frequency bands. In this paper we use twolevel wavelet decomposition. The proposed SWIME algorithm consists of three steps as shown in Fig. 3 .
A Significant Block (SB)
The first step of the proposed algorithm is defining a significant block (SB). This block is defined based on the differential information of wavelet coefficients between successive frames at the highest level LL sub-band. In order to reduce the high cost of computational complexity, we evaluate the mean absolute difference (MAD) between current and reference frames at the LL sub-band in level 2 as defined in Eq. (1).
where, I C LL (k, l) and I R LL (k, l) are coefficients of LL subbands in the current and reference frames, respectively. In general, if we use a size of N × N block for the motion estimation of an original video frame, then the block size of the Lth level sub-band can be (N/2
We can now decide whether a given block is significant or insignificant by calculating the S B MAD value in a block and comparing it with a predefined threshold value, T S B , that was experimentally found. Fig. 2 Multi-resolution motion Estimation (MRME) using wavelet sub-band.
If the calculated S B MAD is smaller than the threshold value, then the given block is assumed to be a block of no motion vector, and it becomes an insignificant block (ISB). For an ISB, the motion vectors are set to zero. Conversely, if the calculated S B MAD is greater than the threshold value, then the given block is assumed to be a significant block (SB). The SB and ISB information in the LL band can be used to define corresponding significant or insignificant region on every sub-band with a scaling factor of two. In this paper, we are able to reduce the high cost of motion estimation because the MRME was conducted only on the SB's in lower level sub-bands (LH2, HL2, and HH2).
Quarter-Bands Motion Estimation and Motion Compensation Step
In this step, only the SB's motion vectors in the sub-bands of level 2 are refined using the motion information obtained in the LL sub-band. Since, as already mentioned, the errors generated by motion estimation at the lower resolution sub-bands will be propagated and expanded to all subsequent lower level sub-bands, motion activities in higher levels should be more accurately estimated than those in lower sub-bands. For the ISB, the motion vectors are set up to a zero vector at all level sub-bands. First, the motion vector for the LL sub-band is calculated by a full search with a 4 × 4 block and a [−4, +4] vertical and horizontal search range. The estimated motion vector is then used as the initial vector in other sub-bands, LH2, HL2 and HH2 in level 2. In the refinement proce- Fig. 3 Flow chart of the proposed SWIME algorithm. dure, the motion vector is refined using the MRME algorithm with a [−2, +2] horizontal and vertical search range. The sub-bands (LH1, HL1, and HH1) in level 1 are not used to conduct the refinement step.
In this step, by defining a significant block, we can not only reduce the computational load, but also make up for the increase in the number of motion vectors as a result of using the MRME algorithm. In Fig. 4 , the quarter band motion estimation procedure is illustrated, where a quarter band is defined as a region that contains all sub-bands in level 2. In this figure, if area 1 is assumed to be classified as SB, then area 2 and 3 are also classified as SB and area 4 as ISB. The MRME algorithm is used to calculate the motion vectors of areas 1, 2 which are classified as SB. Because of the property of wavelet decomposition, areas 1, 2 also have good energy compactness. As already mentioned, the motion vectors in area 2 are refined using the corresponding vectors at 1 as an initial motion vector. The motion vectors in area 3 -which is classified as SB but also as an area of relatively poor energy compactness -are not refined or even used in this procedure. Most of the coefficients in area 3 have very little energy, so they can be set to zero. In this case, the reconstructed image may not contain high frequency components [7] . As a result, we might obtain a blurred image after an inverse DWT. This can be solved by using a spatial interpolation in the next step. The coefficients in area 4 -which are assumed to be insignificant blocks or blocks of no motion vector -are substituted with the previous frame's wavelet coefficients. Motion vectors are calculated only in areas 1 and 2, thus, enabling us to reduce the amount of motion information to be transmitted to the decoder in this step. The proposed SWIME algorithm needs additional bits for the SB information to be transmitted to the decoder. However, these extra bits are considerably fewer than those needed when using the MRME algorithm in the whole region of a given frame. For example, if the format of the input image is the common intermediate format (CIF), an additional 396 bits are needed to represent the SB information with 2-level wavelet decomposition and a 4 × 4 block size at the highest level sub-band. 
Quarter-Band SB Interpolation and Reconstruction
Step
In this final step, we can get the original scale of the reconstructed image by interpolating the reconstructed components of the quarter-band's SB with a scale of two and the motion compensated wavelet coefficients that were obtained from the previous step. The proposed SWIME algorithm giving more weight to the higher level sub-bands, takes into account the fact that the human eyes are more perceptive to errors in lower frequencies than those incurred in higher bands. In addition, errors generated by motion estimation at the lower resolution sub-bands will be propagated and expanded to all subsequent lower level sub-bands. Therefore, motion activities in higher level should be more accurately characterized than those in lower levels as mentioned before. The processing of the lower level sub-bands (LH1, HL1, and HH1) coefficients consists of two procedures. First, the coefficients of area 4 are substituted with the previous frame's coefficients. Next, since the coefficients in area 3 contain very little energy and the prediction error (matching error) is expected to be much smaller, they are not used to conduct the refinement term. Instead, they are set to zero and used to carry out the inverse DWT. Unfortunately, this results in a blurred image.
We can solve this problem by using the spatial interpolation of the motion compensated quarter-band. The prediction error of area 3 is very little and it can increase due to the shift-variant property of the wavelet transform [5] . In [7] , a special interpolation filter is designed to remove as much aliasing energy as possible due to the shift-variant property while trying to keep the original signal's contents intact. In this paper, we use the linear interpolation in the spatial domain, while also taking into account the computational complexity.
The quarter-band can be synthesized by one level inverse DWT, including the LL sub-band and other sub-bands (LH2, HL2, and HH2) in level 2. Finally, by using spatial interpolation of the reconstructed SB in the motion compensated quarter-band, we can get the synthesized original scale of the image.
The quarter-band SB interpolation and reconstruction step is presented in Fig. 5 . Figure 5 (a) and (b) represent the first and second frame of a "FOOTBALL" sequence, respectively. Figure 5 (c) is the difference image of the LL bands of the wavelet transformed version of Fig. 5 (a) and (b). By using image Fig. 5 (c) , significant blocks can be defined and the motion estimation and compensation for each SB at quarter-band can be conducted. Figure 5 (d) shows the interpolated SB with the scaling factor of two for the one level inverse DWT version of a motion compensated quarter-band. Figure 5 (e) shows a final reconstructed image using two levels of inverse DWT for each ISB and Fig. 5 (d) for each SB. 
Experimental Results
In this experiment, we compared the performance and computational load of the proposed SWIME algorithm with the conventional MRME [4] and Modified-MRME (MM-RME) [6] . Three sequences: COASTGUARD, MOTHER & DAUGHTER (M & D) and FOOTBALL were used as test sequences. Each sequence has a CIF size of 352 × 288 and an 8 bit gray level. Each sequence has different characteristics. In each of these sequences, the first 30 frames of COASTGUARD and M & D, and the first available 10 frames of FOOTBALL are employed as input to our program. We used Antonini spline filter with 9-7 taps which produces a set of bi-orthogonal subclasses of images. All of the same parameters are assumed in each scheme, which are:
• Number of layers of the wavelet pyramid The mean absolute difference (MAD) as the matching criterion is used to obtain motion vectors. The performance of SWIME is compared with that of MRME and MMRME schemes in terms of the peak signal-to-noise ratio (PSNR), computational complexity, and the number of motion vectors. The computational complexity of an algorithm depends not only on an arithmetic complexity but also on an algorithmic complexity. Hence, software execution time is also an important factor to compare. Here, we measured a software execution time for complexity. Table 1 shows that PSNR for the proposed SWIME algorithm is highly effective in estimating motion. A compari- (255) son between PSNR for the proposed algorithm with those of the MRME and MMRME shows that the proposed SWIME algorithm performs better than other algorithms for all test sequences. In regard to COASTGUARD sequence, computation load is reduced by up to 67% compared to that of MRME, and its average PSNR is improved by 0.1 dB. The detailed results for each sequence are illustrated in Fig. 6 . In Fig. 6 , PSNR was calculated between the original and motion compensated frames; not including motion compensated residual. The advantage of a newly proposed algorithm in this paper is that it can reduce a computational load up to 67% of that of a conventional method while also preserving or enhancing a quality of the motion compensated image up to a certain limit. Especially, in the case of Fig. 6 (a) , there are a little motion and little high frequency components in the first 15 frames so that the spatial interpolation schemes can reduce motion compensation errors by quite a great amount. A SB map is created prior to the quarter-band motion estimation step to obtain binary images reflecting the SB's in the higher level LL sub-band. In the quarter-band motion estimation and compensation step, the SB map is used as a mask to determine whether or not the motion vector search will proceed. The computational complexity is thus reduced. Since the threshold for generating SB map can be adjusted with ease, a tradeoff can be made between a quality and computational cost. In the quarterband interpolation and reconstruction step, coefficients of the lowest level sub-bands (LH2, HL2, and HH2) by-passed the refinement step. However, the quality of the motion estimation and, consequently, the compression ratio were affected. This problem was solved by using the spatial interpolation of motion estimated quarter-band which further reduced the prediction error. This is the reason why we obtained a higher PSNR value.
The proposed algorithm can reduce the number of motion vectors by using the additional SB map. In MRME and MMRME algorithm, motion vectors for all sub-bands at each level are calculated. But, in the proposed algorithm, motion vectors are calculated at only the quarter-band SB. Thus, the amount of motion information transmitted to a decoder can be reduced. Figure 7 illustrates the number of motion vectors for each frame with respect to additional bits of the SB map transmitted to a decoder. From Table 1 and Fig. 7 , some apparent data-dependent phenomena can be observed. Since, in M&D and COAST GUARD sequences, motion is restricted to some small areas, SB can be found in very small region. Hence, the number of motion vectors and the amount of processing time can be greatly reduced. On the other hand, in FOOTBALL sequence, which contains scenes of busy motion, a relatively large portion of blocks will be classified as SB. In this case, very limited processing time can be saved. Our experiments have shown that a good compromise between efficiency and image quality can be achieved in most cases.
The simulation results are compared in terms of total bit-rate; including some bits for motion vectors, SB information and the motion compensated residual. As a quantization scheme for residual data, SPIHT is used [8] and the number of frames in a GOP (group of picture) is 5 in inter frame coding. Figure 8 (a) and (b) indicate PSNR curves of two test sequences with these parameters. We can see that the proposed scheme outperforms in terms of the total bitrate and PSNR comparing with other schemes. The arithmetic coder that is one of entropy coders was not included in this experiment.
Conclusion
As one of a wavelet based motion estimation algorithms for very low bit-rate video coding SWIME algorithm was proposed to reduce encoding time and increase a quality of an image. By using the multi-resolution analysis (MRA) property and the spatial interpolation of an image, we were able to simultaneously reduce both a prediction error and a computational complexity. In particular, by defining a significant block (SB) based on the differential information of wavelet coefficients between successive frames, the proposed algorithm was able to make up for the drawback of the multi-resolution motion estimation (MRME) algorithm of increasing the number of motion vectors. As a result, we were not only able to reduce the computational load by up to 67%, but also improve PSNR. Hence, it is expected that SWIME algorithm will be widely used in low bit rate video coding.
The interpolation method or masking method can be further exploited in other ways. For example, other spatial interpolation methods or wavelet based statistical interpolation method can be employed, which will further improve a quality of an image. Moreover, because of MRA property in wavelet images, binary images (SB map) also convey such useful information as the estimated contour of the motion area. These could be further explored to aid important tasks of joint motion-object based video coding.
